Background: The Tigecycline Evaluation and Surveillance Trial (T.E.S.T.) was designed to monitor in vitro antimicrobial susceptibility to tigecycline and comparator agents. We present susceptibility data on Gram-negative organisms collected between 2005 and 2011 from nine United States census regions.
Background
Infection with Acinetobacter spp. and some members of the Enterobacteriaceae present clinicians with considerable challenge, especially since resistance to carbapenems is becoming increasingly prevalent [1, 2] . Such infections result in increased mortality and morbidity, and the increased hospitalization costs continue to put enormous strain on the healthcare system [3] [4] [5] . Against this background, surveillance studies designed to monitor antimicrobial resistance of Gram-negative bacteria collected from regions throughout the USA are essential.
Tigecycline is a novel glycylcycline antimicrobial that overcomes several common mechanisms used by bacteria to develop resistance [6] . Confirmation of the effectiveness of tigecycline against a broad spectrum of microorganisms resulted in licensing by the US Food and Drug Administration (FDA) for the treatment of complicated skin and skin structure infections (cSSSIs), intra-abdominal infections (cIAIs), and community-acquired bacterial pneumonia (CAP) [7] .
The Tigecycline Evaluation and Surveillance Trial (T.E. S.T.) is a multi-center study designed to monitor the in vitro activity of tigecycline and a wide range of other antimicrobial agents against clinically-important Grampositive and Gram-negative pathogens collected globally. This report focuses on data obtained from Gram-negative organisms collected in the USA. In a previous report, Halstead et al. [8] confirmed significant in vitro activity of tigecycline against A. calcoaceticus-baumannii complex, Enterobacter spp., Escherichia coli, and Klebsiella pneumoniae isolates and highlighted the ability of local susceptibility patterns to more effectively guide empiric antimicrobial therapy. This study reports the in vitro activity of tigecycline against A. baumannii and other Enterobacteriaceae isolates. In addition, the susceptibility patterns among nine distinct regions within the USA are presented and emerging trends in resistance are evaluated by comparing the results to previous findings [8] .
Methods

Isolate collection
Gram-negative isolates were collected between 2005 and 2011 from 173 centers that were divided into nine census regions: East North Central, 31; East South Central, 11; Middle Atlantic, 44; Mountain, 7; New England, 7; Pacific, 11; South Atlantic, 33; West North Central, 16; West South Central, 13 . The states contained in each census region are shown in Table 1 .
The centers submitted clinically-significant (determined by local criteria) Gram-negative isolates that were collected consecutively. The organisms included Acinetobacter spp., E. coli, Enterobacter spp., Serratia spp., and Klebsiella spp. A single isolate was collected from each patient and inclusion was independent of medical history, previous antimicrobial use, sex or age of the patient.
Organisms were identified using routine methodologies practiced regularly at each institution. Prior to eligibility for participation, the medical centers were evaluated by the central laboratory (IHMA: Laboratories International for Microbiology Studies, a division of International Health Management Associates, Inc.
[IHMA, Schaumburg, IL, USA]) for adherence to national guidelines. In addition, IHMA confirmed the identification of organisms or antimicrobial susceptibility patterns using RapidOne and/or RapidNF identification systems (Remel, Lenexa, KS) when the forwarded results were uncharacteristic.
Susceptibility testing
Minimum inhibitory concentrations (MICs) were determined using broth microdilution methodology, Sensititre® plates (TREK Diagnostic Systems, West Sussex, England) or MicroScan® panels (Siemens, Sacramento, CA, USA). Susceptibility to amikacin, amoxicillin-clavulanate, ampicillin, carbapenems (imipenem/meropenem), cefepime, ceftazidime, ceftriaxone, levofloxacin, minocycline, and piperacillin-tazobactam were interpreted according to the guidelines published by the Clinical and Laboratory Standards Institute [9] [10] [11] . In addition, susceptibility to imipenem was evaluated on isolates collected through 2006; meropenem was substituted thereafter due to imipenem stability issues. MIC values against tigecycline were evaluated using FDA-approved breakpoints provided in the package insert [7] . Quality control strains were E. coli ATCC 25922 and P. aeruginosa ATCC 27853. Results are presented as MIC 90 .
Extended-spectrum β -lactamase (ESBL) testing
Extended spectrum β-lactamase (ESBL) production by E. coli or Klebsiella spp. was also confirmed using accepted methodology [10] . Briefly, discs that contained cefotaxime (30 μg), cefotaxime/clavulanic acid (30/10 μg), ceftazidime (30 μg), or ceftazidime/clavulanic acid (30/10 μg) (Oxoid, Inc., Ogdensburg, NY, USA) were placed onto Mueller-Hinton agar (Remel, Inc., Lenexa, KS) plates after they were overlaid with the isolate. Organisms where the combination of cefotaxime and ceftazidine discs yielded a zone of inhibition larger by >5 mm than the zone of inhibition for cefotaxime or ceftazidime were considered ESBLproducers. K. pneumoniae ATCC 700603 (ESBL-positive) Tigecycline MIC 50 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 and E. coli ATCC 25922 (ESBL-negative) were included for quality control.
MDR
Statistical analyses
The Fisher's Exact test (SAS, Version 8.2) was used to assess the relationships between the susceptibility/nonsusceptibility results presented in the current report compared with previous T.E.S.T. study data. Comparisons that yielded p values ≤ 0.01 were considered significant.
Results
Acinetobacter baumannii
A total of 2900 isolates of A. baumannii were evaluated ( Table 2 ). Regardless of the region, the MIC 90 for tigecycline was ≤ 2 mg/L (MIC 50 0.5 mg/L), but formal conclusion regarding susceptibility was not possible because breakpoint values have not been established. The isolates were also highly susceptible to minocycline (84.1%). Carbapenem susceptibility ranged from 50% in East North Central to 80% in West South Central. In addition, some susceptibility patterns varied significantly among census regions. For example, there was dramatic regional variation in the numbers of isolates susceptible to amikacin in the East North Central (58.8% susceptible) region compared to the numbers obtained from the New England (100% susceptible) region. A total of 883 (30.4%) A. baumannii isolates were multidrug resistant (MDR, resistant to three or more classes of antimicrobial agent [β-lactams, aminoglycosides, carbapenems or fluoroquinolones]) and the frequencies ranged from 16.9% (13/77) in the New England region to 47.0% (326/694) in the East North Central region. Furthermore, MDR isolates were susceptible to minocycline (MIC 50 2 mg/L, MIC 90 8 mg/L) in some instances, but minocycline-nonsusceptible isolates were commonly recovered from the East South Central (54% susceptibility) and Mountain regions (56.5%) ( Table 2 ). In contrast, MDR A. baumannii appeared universally susceptible to tigecycline (MIC 50 1 mg/L, MIC 90 2 mg/L).
Escherichia coli
Non-ESBL-producing E. coli isolates (n = 6643) were highly susceptible to amikacin, carbapenems, cefepime, ceftriaxone, and tigecycline (Table 3 ). In contrast, the organisms were significantly less susceptible to ampicillin, and the frequency of resistant organisms varied widely by region (e.g. susceptibility rates of 41.4% in East South Central region, 54.1% in the West North Central region). E. coli isolates that produced ESBL were also relatively uncommon (277 [4.0%] of 6920 isolates), but the highest frequency was detected in isolates from the Mountain region (11.1%, 26/235). In addition, ESBL producers were highly susceptible to amikacin (MIC 50 4 mg/L, MIC 90 16 mg/L, 94.9% susceptible), carbapenems (MIC 50 ≤ 0.06 mg/L, MIC 90 0.25 mg/L, 98.2% susceptible), and tigecycline (MIC 50 0.25 mg/L, MIC 90 0.5 mg/L, 100% susceptible) ( Table 4 ).
Klebsiella pneumoniae and K. oxytoca
Non-ESBL producing K. pneumoniae and K. oxytoca (Table 3) were highly susceptible (>90%) to cefepime, carbapenems, amikacin, and tigecycline regardless of region; susceptibility was only slightly lower for ceftriaxone, levofloxacin and piperacillin-tazobactam.
There was a marked increase in the MIC 90 for several antimicrobials against Klebsiella spp. collected from the Middle Atlantic region. In addition, there was a higher frequency (11%) of K. pneumonia isolates that produced ESBL (n = 584) compared with the numbers of ESBLproducing E. coli isolates, and the highest numbers of ESBL-producing K. pneumonia isolates were recovered from the Middle Atlantic region (17.7%, 268/1518). The ESBL-producing isolates were mostly susceptible to amikacin (77.1%) and carbapenems (74.0%) and were highly susceptible (92.1%) to tigecycline (Table 4 ).
Serratia marcescens
S. marcescens isolates were highly susceptible to cefepime (97.4%), carbapenems (96.7%), tigecycline (95.9%), and levofloxacin (94.4%) ( Enterobacter spp.
Enterobacter spp. were highly susceptible to amikacin (98.9%), carbapenems (97.6%), and cefepime (96.1%), and tigecycline (MIC 50 0.5 mg/L, MIC 90 ≤ 2 mg/L, 95.3%) was also highly effective (Table 3 ). In contrast, susceptibility to ceftriaxone, levofloxacin, and minocycline was more variable, and the differences were most pronounced when comparing MIC 90 values. For example, isolates from the Pacific region were highly susceptible (79.7%) to ceftriaxone, while organisms from the Mountain region were considerably more resistant (63.5% susceptibility).
Discussion
Antimicrobial resistance among Gram-negative organisms continues to be a major concern, especially considering the potential for the rapid spread of resistance mechanisms and the limited treatment options that result. In this study, we examined the activity of β-lactam, aminoglycoside, and fluoroquinolone antimicrobials against Enterobacteriaceae Several other recent studies also determined the susceptibilities of Gram-negative organisms to multiple antimicrobial agents [2, 12, 13] , with results similar to this study. For example, we detected similarly high prevalence of sensitivity of K. oxytoca and non-ESBL producing E. coli to levofloxacin, piperacillin-tazobactam, and ceftriaxone. In addition, Enterobacter spp., K. oxytoca, and S. marcescens were highly susceptible to the carbapenems, while the non-ESBL-producing E. coli and K. pneumoniae isolates were almost universally susceptible to the carbapenems. However, small numbers of carbapenem-resistant organisms were recovered from each genus, which also supports previous findings that highlight the necessity for continued monitoring for carbapenem resistance. In addition, A. baumannii isolates that were highly resistant to multiple other antimicrobial agents were also highly resistant to the carbapenems (imipenem/meropenem), a result which has been previously reported [14] . This is especially disconcerting since the only option for effective treatment of these highly resistant organisms, especially MDR A. baumannii infections, may be dependent on salvage agents such as colistin which introduce a host of additional complications [14, 15] .
Comparing the susceptibility patterns to previous findings [8] also revealed several important trends. Most notably, the prevalence of resistant organisms remained essentially unchanged in the East South Central, Middle Atlantic, and Pacific regions; the prevalence of organisms that were resistant to levofloxacin also decreased significantly (p < 0.01). Significant (p < 0.01) increases in susceptibility were identified in 8 region/organism/antimicrobial agent combinations between 2004-2005 and 2005-2011, 4 of these occurring in the Middle Atlantic region. Significant decreases in susceptibility were noted in 26 cases over the same time interval; 12 of these occurred in East North Central while 8 were noted in South Atlantic. Notably, in South Atlantic, K. pneumoniae susceptibility to levofloxacin, amikacin, amoxicillin-clavulanate, cefepime, minocycline and piperacillin-tazobactam decreased significantly. In East North Central, A. baumannii susceptibility to amikacin, ceftriaxone, levofloxacin, minocycline and piperacillin-tazobactam reduced significantly while E. coli susceptibility to amoxicillin-clavulanate, cefepime, levofloxacin and minocycline decreased significantly. These findings highlight the importance of local efforts to monitor changing antimicrobial susceptibility patterns for Table 4 Antimicrobial susceptibility for ESBL-positive Escherichia coli and Klebsiella pneumoniae accurately guiding appropriate treatment regimens. In addition, evaluating the infection control practices in regions where the prevalence of antibiotic resistant organisms has not increased significantly may provide important insight into effective methods for curbing emerging resistance in other regions.
Finally, despite the lack of established efficacy standards for predicting the success of treatment with tigecycline, our findings confirmed and extended previous observations of high in vitro activity against Enterobacteriaceae (E. coli, 100% susceptible; Enterobacter, 98.4% susceptible; ESBL-positive K. pneumoniae, 97.9%) and also A. baumannii (94.4% susceptible at ≤ 2 mg/L) [16] . Therefore, additional studies to determine the efficacy of tigecycline in vivo, especially for treating infections with MDR organisms, are warranted.
